Abstract: This paper analyzes different ways to electromagnetically simulate three-core armored cables in 3D by means of the finite element method. Full periodic models, as lengthy as 36 m, are developed to evaluate the accuracy when simulating only a small portion of the cable, as commonly employed in the literature. The adequate length and boundary conditions for having the same accuracy of full periodic models are also studied. To achieve this aim, five medium voltage and high voltage armored cables are analyzed, obtaining the minimum length of the cable that may be simulated for having accurate results in shorter time and with less computational burden. This also results in the proposal of a new method comprising the advantages of short geometries and the applicability of periodic boundary conditions. Its accuracy is compared with experimental measurements and the International Electrotechnical Commission (IEC) standard for 145 kV and 245 kV cables. The results show a very good agreement between simulations and measurements (errors below 4%), obtaining a reduction in the computation time of about 90%. This new method brings a more effective tool for saving time and computational resources in cable design and the development of new analytical expressions for improving the IEC standard.
Introduction
In the last decades there has been an important development in offshore wind farms due to higher and steadier mean wind speeds [1, 2] . This growth is helping in improving the technology and efficiency of all the components involved, hence reducing the cost of these expensive installations. In this sense, one of the main components that have an important impact in the total cost are the submarine power cables needed for exporting the power energy. Its size, and consequently its cost, is defined by the IEC 60287 standard [3] . However, for the particular case of three-core armored cables, many studies have concluded that they are usually oversized, since the IEC standard overestimates the power losses in these cables [4] [5] [6] [7] [8] [9] . The main reason of these results is because the analytical expressions provided in the IEC standard date back to the 1940's [10] , and were later updated in the 1990's [11] , where semi-empirical equations were derived by considering the armor as a tube enclosing the three phases (like pipe-type cables). This geometry allows currents to circulate along the "tube" armor, so armor losses may be of importance. However, this assumption ignores the fact that the armor is composed by steel wires which are helically twisted over the three phases. This way the relative position of active and passive conductors changes along the cable length. Thus, the net induced voltage in each armor wire is zero due to the twisting [4] . Consequently, no net current may flow along the armor wires in balanced systems as assumed erroneously in the IEC standard, as the power losses in the armor are only due to eddy currents within each individual wire and hysteresis losses.
Nonetheless, although researchers agree in the need of updating the expressions of the IEC standard, refs. [9, 12] report some contradictory results regarding the importance of screen (sheath) over armor losses in the global computation of cable losses. In this sense, refs. [6, 7] conclude that armored cables have higher losses than unarmored cables. However, the additional losses do not occur only in the armor itself, but also in the three screens. The main reason of this conclusion is that the presence of the armor disturbs the magnetic field distribution inside the cable, which is "compressed" under the armor, leading to higher flux linking the screens. Therefore, larger circulating currents are induced, and higher losses result in the screens [13] . This effect may be also influenced by the non-inear properties of the armor wires, which is something still to be analyzed in depth. Therefore, it may be of interest not only to update the IEC expression of the armor's loss factor (λ 2 ), but also that of the screen's loss factor (λ 1 ), as suggested in [9, 13, 14] .
To this aim, accurate tools are required to simulate and analyze the complex physics and interactions involved in three-core armored cables, since experimental measurements are costly and only possible for manufacturers. In this sense, numerical simulations based on the finite element method (FEM) have been employed widely in the past [4, 6, 9, [12] [13] [14] [15] [16] . This tool is usually applied to 2D geometries, sometimes representing the armor as a hollow cylinder with appropriate electrical properties to include the presence of gaps between the armor wires [15] [16] [17] [18] . In any case, 2D FEM simulations do not consider the helical twisting of cores and armor wires, since 2D geometries assume that all cores and armor wires are straight and parallel. To include the twisting of passive and active conductors, ref. [4] proposed one of the most extended solutions, known as 2.5D FEM simulations, where the armor wires are connected in series through an external electric circuit which is coupled to the FEM model. This ensures that the total armor current is zero. Alternatively, some studies have proposed new analytical approaches for the estimation of power losses in three-core armored cables, such as [16] . Also, other studies propose improvements based on the method of moments (MoM-SO) [18, 19] and the use of sub-conductor equivalent circuits [20] , but they can only handle a constant relative permeability for the armor wires. Nonetheless, both numerical and analytical tools are commonly based on 2D geometries, where only the effect of the transverse magnetic field is considered. Subsequently, these approaches do not include the magnetic field component that is parallel to the armor wires [19] . This is of particular importance since it is the main cause of the eddy currents induced in the magnetic armor, and it is clearly influenced by the relative twisting between cores and armor (usually twisted with different lay lengths and in the opposite direction to achieve torsion stability). Hence, the mentioned approaches may provide wrong induced voltages along the screens and armor wires, resulting in false induced currents circulating within them.
Therefore, for a precise modeling of three-core armored cables, a 3D analysis would be required to accurately compute the fields produced by the helical paths of active and passive conductors in the cable. However, few studies have employed 3D geometries of three-core armored cables since simulations are very time consuming and require powerful computers. In this sense, some studies have employed several simplifications on 3D FEM models. For example, in ref. [9] a basic 3D FEM model was developed in COMSOL Multiphysics© (Stockholm, Sweden) [21] with 10 straight armor wires around three twisted conductors assumed as edges, where the wires were considered as non-conductive to simplify the complexity of the geometry and reduce the size of the mesh. Alternatively, in ref. [22] a 1200 mm 2 three-core submarine cable with 119 armor wires and lead screens was modelled using the same software. Non-linear magnetic properties were employed in the armor wires. The model length was only about 1/3 of the core's lay length to reduce the computational cost. The results derived from this 3D model confirm the higher losses provided by the IEC standard. However, it is not clear if the length of this model is acceptable to compute the exact steady-state solution of actual cables. In this sense, ref. [23] employs a 3-m long 3D FEM model to check both IEC standard and 2.5D FEM simulations. Although the results obtained from this shortened model seem to be in good agreement with experimental measurements [24] , this work also states that the model length is not completely adequate to represent the phenomena that takes place in this cable, since a 6-m long geometry would Energies 2018, 11, 3081 3 of 14 be required for having a model length that provides periodicity in both the phases and armor lay length (the least common multiple (LCM) of both lay lengths). However, due to the high demanding computational requirements, authors claim in refs. [20, 23, 24] that 3D models larger than 3 m cannot be solved by any FEM software. But in [25] a 3D FEM model as long as 14 m was developed in COMSOL Multiphysics© for obtaining the series resistance and the inductive reactance of a 800 mm 2 145 kV three-core submarine power cable. The model length was equal to the LCM of cores and armor lay length, and periodic boundary conditions were applied at both ends of the geometry, obtaining results in good agreement with experimental measurements. Reference [25] also presented the feasibility of 3D FEM models to develop a complete parametric analysis by showing the influence of the armor permeability and the core and armor twisting on different aspects such as power losses and self, mutual and sequence impedances, being the latter of great importance for distance relay settings [26] .
From all these studies it is clearly concluded that 3D FEM models provide very important data and valuable knowledge about all phenomena that take place inside three-core armored cables, being an essential tool for cable design not only for the development of new accurate analytical expressions of the current rating in these power cables, but also for the evaluation of positive-negative and zero sequence impedances for the correct setting of network protections. However, after reviewing the state of the art cables, one question arises in relation to the simulation of these cables: Is full periodicity certainly required in 3D FEM models? Indeed, the use of periodic models as long as the LCM of phases and armor lay length may not always help in reducing the size of the model (i.e., a cable with a lay length of 3.3 for the cores and 4 m for the armor would require a 132 m model length). Therefore, in many situations extremely large computational resources would be required to solve the model.
To add some order to this matter, this work analyzes in Section 2 the accuracy of non-periodic models when compared to full periodic models, while also looking for the shortest length to be considered for having accurate results. In Section 3 a new short 3D periodic model is proposed to reduce the size and complexity of 3D FEM models, so that lower computational resources may be required for having the same accuracy as full periodic models. The error in power losses as well as the reduction in simulation times are also compared to those provided by non-periodic models. Eventually, Section 4 compares this new proposal with experimental measurements and the IEC standard.
Accuracy of Non-Periodic 3D FEM Models
For three-core armored cables, the model size can be reduced by taking advantage of symmetries in the geometry, such as axial periodicity, so that only a short portion of the cable may be simulated for having the same results as infinitely long models. In this sense, an appropriate axial length for the model (named henceforth periodic length) should be selected to ensure periodicity in both the phases and armor lay length (an integer number of turns for both the armor wires and the phases). Thus, its relative position at both ends of the geometry remains equal, and both ends are also equally oriented, as represented in Figure 1 by two coordinate systems ( However, when the length selected for a 3D FEM model leads to a non-periodic model, the relative position between phases and armor wires is different at both ends of the geometry, thus no periodic boundary conditions can be applied there. This forces the induced currents in the armor to flow differently than they would do in a periodic geometry, especially at both ends, since Ampere's Law must be fulfilled. This results in a different distribution of the power losses in the armor, as shown in Figure 2 , where they are represented for the cases of periodic boundary conditions (Figure 2a ) or non-periodic ( Figure 2b ). As can be observed, while Figure 2a shows a complete periodicity in the distribution of the losses, Figure 2b presents a different behavior at each end of the cable. This is Figure 3 where the relative difference between the armor losses obtained in both situations is represented in %. It is to be noticed that, in the periodic case, there are regions at both ends of the geometry where the armor losses may be more than 80% higher than those of the non-periodic case.
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(a) (b) From Figure 4a it can be derived that differences below 5% in relation to full periodic models can be obtained in λ1, provided that the length employed for the non-periodic model is, at least, a 75% of the CP of each cable. Moreover, models as short as 50% of the CP may be employed if an error below 10% can be assumed. Nonetheless, the error in λ2 presents a more erratic behavior (Figure 4b ). From Figure 4a it can be derived that differences below 5% in relation to full periodic models can be obtained in λ 1 , provided that the length employed for the non-periodic model is, at least, a 75% of the CP of each cable. Moreover, models as short as 50% of the CP may be employed if an error below Energies 2018, 11, 3081 6 of 14 10% can be assumed. Nonetheless, the error in λ 2 presents a more erratic behavior (Figure 4b ). In this case, differences below 10% are guaranteed by non-periodic models when using a model length larger than 110% of the CP. In fact, for a model length in the order of 125% of the CP a relative error below 5% may be achieved in most of the cables considered. For this length, Table 2 shows the relative error in the series resistance (R) and inductive reactance (X) of the cable, the sheath current (I s ), the loss factors and the simulation time reduction (∆T) relative to the full periodic models. From these results it is easily concluded that short geometries can be employed in non-periodic 3D FEM models for having reliable and meaningful results not only in λ 1 and λ 2 , but also in other parameters, hence greatly reducing the computational resources and time for the simulations. Nonetheless, a further analysis may provide new ways to obtain more accurate results, comprising the advantages of short geometries and the applicability of periodic boundary conditions, as is developed next.
Proposal of a New 3D Short Periodic Model
As observed previously in Figure 2 , the distribution of the power losses in the armor shows a helical and periodic pattern, with higher losses in areas close to the power conductors. This pattern is a consequence of the relative twisting of armor wires and phase conductors, related to the CP defined earlier. Since this parameter defines the cable axial distance bounded by consecutive crossings between a specific armor wire and a particular phase conductor, it represents some kind of periodicity in the geometry of the cable. This is observed in Figure 5 for Cable 1, where the magnitude of the magnetic field is represented in different slices that are separated a distance equal to CP (0.3 m). As can be observed, all slices are equal but rotated a certain angle following the phase twisting. In this case, differences below 10% are guaranteed by non-periodic models when using a model length larger than 110% of the CP. In fact, for a model length in the order of 125% of the CP a relative error below 5% may be achieved in most of the cables considered. For this length, Table 2 shows the relative error in the series resistance (R) and inductive reactance (X) of the cable, the sheath current (Is), the loss factors and the simulation time reduction (ΔT) relative to the full periodic models. From these results it is easily concluded that short geometries can be employed in non-periodic 3D FEM models for having reliable and meaningful results not only in λ1 and λ2, but also in other parameters, hence greatly reducing the computational resources and time for the simulations. Nonetheless, a further analysis may provide new ways to obtain more accurate results, comprising the advantages of short geometries and the applicability of periodic boundary conditions, as is developed next.
As observed previously in Figure 2 , the distribution of the power losses in the armor shows a helical and periodic pattern, with higher losses in areas close to the power conductors. This pattern is a consequence of the relative twisting of armor wires and phase conductors, related to the CP defined earlier. Since this parameter defines the cable axial distance bounded by consecutive crossings between a specific armor wire and a particular phase conductor, it represents some kind of periodicity in the geometry of the cable. This is observed in Figure 5 for Cable 1, where the magnitude of the magnetic field is represented in different slices that are separated a distance equal to CP (0.3 m). As can be observed, all slices are equal but rotated a certain angle following the phase twisting. Similar conclusions are derived from Figure 6 , where the magnetic flux lines trapped inside an armor wire are depicted. It shows how the maximum in the magnetic field inside the wire is periodically reached when the wire is closer to a phase conductor. Another interesting fact not clearly seen in Figure 6 is that the flux lines enter and leave the wire at certain points depending on its relative periodically reached when the wire is closer to a phase conductor. Another interesting fact not clearly seen in Figure 6 is that the flux lines enter and leave the wire at certain points depending on its relative position to the phase conductor, as clearly shown in Figure 7a . Furthermore, this pattern is repeated every 0.3 m but rotated. All this must be reflected in the current density distribution inside the armor wires. Certainly, the magnitude of the current density inside the wires is not uniform, as represented in Figure 7b for a longitudinal, diametral cross-section in a wire portion, being quite low in the center all through the wire and reaching maxima periodically at certain areas close to the surface as better seen in Figure 8 , where there are 12 regions where the maximum current density is achieved through the whole length of the wire. All this must be reflected in the current density distribution inside the armor wires. Certainly, the magnitude of the current density inside the wires is not uniform, as represented in Figure 7b for a longitudinal, diametral cross-section in a wire portion, being quite low in the center all through the wire and reaching maxima periodically at certain areas close to the surface as better seen in Figure 8 , where there are 12 regions where the maximum current density is achieved through the whole length of the wire. All this must be reflected in the current density distribution inside the armor wires. Certainly, the magnitude of the current density inside the wires is not uniform, as represented in Figure 7b for a longitudinal, diametral cross-section in a wire portion, being quite low in the center all through the wire and reaching maxima periodically at certain areas close to the surface as better seen in Figure 8 , where there are 12 regions where the maximum current density is achieved through the whole length of the wire. All this must be reflected in the current density distribution inside the armor wires. Certainly, the magnitude of the current density inside the wires is not uniform, as represented in Figure 7b for a longitudinal, diametral cross-section in a wire portion, being quite low in the center all through the wire and reaching maxima periodically at certain areas close to the surface as better seen in Figure 8 , where there are 12 regions where the maximum current density is achieved through the whole length of the wire. This pattern is a consequence of how the induced eddy currents flow through the wire depending on its relative position to the phase conductors. In this sense, Figure 9a shows how eddy currents flow in close paths inside the armor wires and close to its external surface (skin effect), so that the longitudinal net current in the armor is virtually zero. However, they may flow clockwise or counterclockwise at different locations inside the armor wire, as observed in Figure 9b , where the arrows represent the direction of the current density, and its size and color represent the magnitude of the current density inside a longitudinal, diametral cross-section along an armor wire.
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where the plus sign denotes phases twisted in counterclockwise and the minus sign for the clockwise case.
Comparison with Full Periodic and Non-Periodic Models
This new short periodic model has the advantage of having a length equal to the CP, less that the length of 1.25CP suggested earlier for the case of non-periodic models. From this point of view this new model would take shorter time to simulate. However, the use of rotated periodic boundary conditions increases the complexity of the model and hence the solution time. To clarify whether short periodic or non-periodic model is faster and more accurate, Table 3 presents some results, including the error in R, X, I s , λ 1 , λ 2 , as well as the reduction in simulation time when compared to the full periodic model (∆T f ) and the non-periodic model (∆T np ) of each cable. Table 3 . Error in R, X, I s , λ 1 , λ 2 and simulation time reduction in short periodic model in relation to full periodic and non-periodic models with L = 1.25CP. From these results it should be remarked the small error in the electrical parameters and the loss factors obtained with the new short periodic model when compared to the full periodic one (most of them below 0.5%), especially if one has in mind the great differences in size, complexity and simulation time between both models. This proves that this short periodic model behaves "exactly" like the full model, providing lower error than those obtained by non-periodic models. Moreover, when compared to 1.25CP-length non-periodic models, Table 3 shows that, although there are no important differences in simulation time, the new short periodic model is often faster than non-periodic models (negative value in ∆T np denotes faster computation in non-periodic models).
Parameter

Computational Requirements
The great reduction in simulation time brings the opportunity of using less expensive equipment for the simulations, and also the possibility of considering additional aspects to make the model more accurate. For example, the use of a complex permeability for the armor wires (µ r ) as a function of the magnetic field f (B):
where parameters µ 0r , µ mr , µ mi , α 1 and α 2 are defined in [9] .
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To illustrate this, some results are presented in Table 4 for Cable 2 ( Figure 11a ) and Cable 4 ( Figure 11b ) when using a full 3D periodic model (F3D) and the new short 3D periodic model here proposed (S3D). Also, some results obtained from 2.5D FEM simulations are included. The size of the model is indicated by its length, as well as the number of mesh elements employed and the number of degrees of freedom to be solved (DoFs). The simulation time and the memory requirements are also included for two different computers: A workstation composed by two Intel ® Xeon E5-2630 2.6 GHz CPUs with 256 GB of RAM memory, and a CPU Intel ® i7-4770K 3.5 GHz with 32 GB of RAM memory. Both computers have a 2 Tb hard disk drive for memory swapping. The parameters for Equation (4) are selected from [9] for grade 34.
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Comparison with Experimental Measurements and the IEC Standard
In the following, simulations developed by S3D are compared to experimental measurements for cables 2, 4 and 5 [6, 27] . The electrical and magnetic properties of the cables were obtained from experimental measurements and adjusted for the correct temperature. For Cable 4 two different As expected, 3D models take longer time than few seconds, as 2.5D models do. However, it can be observed the great reduction obtained in computing time and memory requirements when using the approach proposed in this work (S3D). In particular, it can be observed how the 14-m long 3D FEM model of Cable 2 took about 30 h to be solved when using an armor permeability of µ r = f (B), being necessary to use the hard disk drive for memory swapping. Conversely, with the proposed approach (S3D) it took only 1.5 h, using just a 23% of the available RAM memory resources. Furthermore, if a constant permeability of µ r = 100 − 50j is employed for the armor, then time reduces to just 15 min for the same mesh size. Table 4 also shows that the F3D model of Cable 4 took about 17 h to be solved, but it reduces to less than 1 h in the workstation when using S3D for a finer mesh than that employed in the F3D model. On the other hand, Table 4 also shows that both cables can be now simulated in a smaller computer when using S3D, hence reducing the need for large computational resources in case of high accuracy requirements.
In the following, simulations developed by S3D are compared to experimental measurements for cables 2, 4 and 5 [6, 27] . The electrical and magnetic properties of the cables were obtained from experimental measurements and adjusted for the correct temperature. For Cable 4 two different materials are considered for the armor: galvanized steel (with magnetic properties) and stainless steel (with no magnetic properties). For the three cables the per-unit length resistance R and reactance X are obtained, comparing the results with experimental measurements in two situations: armor and screens solidly bonded and in open circuit. All the results and the relative differences (ε R and ε X ) between S3D simulations and measurements are presented in Table 5 and Figure 12 , where results obtained from 2D and 2.5D FEM models are also included as a reference. It is to be remarked that, even though there are always uncertainties related to measurements and simulations, the results here presented are in very good agreement for all the situations analyzed, with relative errors always lower than 4%. These results show the accuracy and the usefulness of the short 3D periodic model here proposed, both in R and X, especially when compared to the results provided by 2D and 2.5D FEM model, as shown in Figure 12a , where 2.5D models present the greatest error in the resistance and 2D models in the reactance. Table 5 and Figure 12 , where results obtained from 2D and 2.5D FEM models are also included as a reference. It is to be remarked that, even though there are always uncertainties related to measurements and simulations, the results here presented are in very good agreement for all the situations analyzed, with relative errors always lower than 4%. These results show the accuracy and the usefulness of the short 3D periodic model here proposed, both in R and X, especially when compared to the results provided by 2D and 2.5D FEM model, as shown in Figure 12a , where 2.5D models present the greatest error in the resistance and 2D models in the reactance. (a) (b) Figure 12 . Errors in different FEM models for R (a) and X (b) relative to experimental measurements (solid bonding) for the cables of Table 5 .
Regarding the power losses, Figure 13 presents the results for the screens and armor loss factors (λ1 and λ2) derived not only from different FEM models, but also from the IEC standard and estimates resulting from experimental measurements (screens and armor solidly bonded). In the latter case, λ1 and λ2 are obtained only for cables 4 and 5 by means of the procedure presented in [5, 7] , requiring measurements in the cable with and without the armor [27] . It should be remarked that this procedure only provides estimates of λ1 and λ2, since it is not possible to measure the power losses in the cable separately, thus these values must be taken only as a reference. This way, Figure 13 shows that the results provided by S3D FEM models are very close to the estimates derived from experimental measurements, hence reasserting the validity of proposed short model. Moreover, these results also Regarding the power losses, Figure 13 presents the results for the screens and armor loss factors (λ 1 and λ 2 ) derived not only from different FEM models, but also from the IEC standard and estimates resulting from experimental measurements (screens and armor solidly bonded). In the latter case, λ 1 and λ 2 are obtained only for cables 4 and 5 by means of the procedure presented in [5, 7] , requiring measurements in the cable with and without the armor [27] . It should be remarked that this procedure only provides estimates of λ 1 and λ 2 , since it is not possible to measure the power losses in the cable separately, thus these values must be taken only as a reference. This way, Figure 13 shows that the results provided by S3D FEM models are very close to the estimates derived from experimental measurements, hence reasserting the validity of proposed short model. Moreover, these results also verify that the expressions of the IEC standard overestimate both loss factors when compared to experimental estimates and S3D simulations, especially λ 2 . Additionally, it is also observed that 2D and 2.5D models do underestimate the screen's loss factor, especially in cables with magnetic armor. On the contrary, while 2D models overestimates the armor loss factor, 2.5D models do the opposite, resulting in almost negligible armor losses. In any case, from Figure 13 it can be concluded that, as expected, armor losses are quite low, far from the IEC estimations, but not negligible as provided by 2.5D FEM models. experimental estimates and S3D simulations, especially λ2. Additionally, it is also observed that 2D and 2.5D models do underestimate the screen's loss factor, especially in cables with magnetic armor. On the contrary, while 2D models overestimates the armor loss factor, 2.5D models do the opposite, resulting in almost negligible armor losses. In any case, from Figure 13 it can be concluded that, as expected, armor losses are quite low, far from the IEC estimations, but not negligible as provided by 2.5D FEM models.
(a) (b) Figure 13 . Loss factor obtained from FEM models, IEC standard and experimental measurements (solid bonding) for: (a) the screens; (b) the armor.
Conclusions
This work evaluates different ways for the simulation of three-core armored cables by means of 3D FEM models. To this aim, up to five MV and HV cables are simulated by means of full periodic and non-periodic 3D FEM models. This way, the accuracy of non-periodic models is analyzed, and the minimum model length for having accurate results is derived. It is concluded that a model length of about 125% of the CP of the cable should be employed for having errors below 10% in sheath and armor losses.
On the other hand, this work also analyzes the adequate length and boundary conditions for obtaining the shortest model possible with the same accuracy of full periodic models. As a result, a new way to simulate three-core armored cables is proposed, where rotated periodic boundary conditions are to be applied at both ends of a model as long as the CP of the cable. The accuracy of this new proposal is compared to full periodic models, resulting in errors below 0.5% in R, X, Is, λ1, and λ2. Furthermore, a great reduction in the simulation time is obtained in relation to full periodic models (more than 90%) and non-periodic models (about 15%).
Finally, the results in R and X derived from the new method in 145 kV and 245 kV cables are compared to experimental measurements, resulting in a very good agreement (differences below 3% in most of the cases). Additional comparisons are performed with the IEC standard and power losses estimates derived from the experimental measurements, concluding that the new proposal fits very well with the experimental results and endorses the well-known conclusion regarding the overestimation of the power losses derived from the IEC standard.
The new method here proposed brings a new and more effective tool to provide very important data and valuable knowledge about all phenomena that take place inside three-core armored cables, very useful for saving time in cable design and for the development of new accurate analytical expressions for the current rating of these power cables.
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On the other hand, this work also analyzes the adequate length and boundary conditions for obtaining the shortest model possible with the same accuracy of full periodic models. As a result, a new way to simulate three-core armored cables is proposed, where rotated periodic boundary conditions are to be applied at both ends of a model as long as the CP of the cable. The accuracy of this new proposal is compared to full periodic models, resulting in errors below 0.5% in R, X, I s , λ 1 , and λ 2 . Furthermore, a great reduction in the simulation time is obtained in relation to full periodic models (more than 90%) and non-periodic models (about 15%).
